As a specific digital holographic microscopy system, optical scanning holography (OSH) is an appealing technique that makes use of the advantages of holography in the application of optical microscopy. In OSH system, a three-dimensional object is scanned with a Fresnel zone plate in a raster fashion, and the electrical signals are demodulated into a complex hologram by heterodyne detection. Then the recorded light wavefront information contained in the hologram allows one to digitally reconstruct the specimen for multiple purposes such as optical sectioning, extended focused imaging as well as three-dimensional imaging. According to Abbe criterion, however, akin to those conventional microscopic imaging systems, OSH suffers from limited resolving power due to the finite sizes of the objective lens and the aperture, i.e., low numerical aperture. To bypass the diffraction barrier in light microscopy, various super-resolution imaging techniques have been proposed. Among those methods, structured illumination is an ensemble imaging concept that modulates the spatial frequency by projecting additional well-defined patterns with different orientation and phase shift onto the specimen. Computational algorithms are then applied to remove the effect of the structure and to reconstruct a super-resolved image beyond the diffraction-limit. In this paper, we introduce this technique in OSH system to scale down the spatial resolution beyond the diffraction limit. The performance of the proposed method is validated by simulation and experimental results.
INTRODUCTION
Digital holographic microscopy (DHM) is an important and attractive application of holography in light microscopy due to its capabilities to numerically focus on different planes without mechanical movement, to correct optical aberrations, and to compute the intensity and phase distributions simultaneously.
1 Unlike traditional wide-field microscopy which only records a projected intensity image of a three-dimensional (3D) object, DHM can digitally record the wavefront information emanated from the specimen as a 2D hologram with a photodetector. Numerical post-processing, which simulates the back propagation of the wavefront, allows one to obtain an intensity or phase image, 3D image or achieve refocusing on different depths etc, with respective reconstruction algorithms. This flexibility enables DHM to be used in a wide range such as pattern recognition in integrated circuit and particle tracking in fluid mechanics. 2 However, DHM suffers the same problem of limited resolving power as conventional microscopy. The photodetector and the numerical aperture (NA) of the objective lens drastically limit the resolution of a light microscope. In the viewpoint of Fourier optics, a microscope can be regarded as a low-pass filter. An objective lens with finite size has a finite support from the optical transfer function (OTF) in frequency domain. Only low frequency components of the spectrum emitted by the object can pass through and be recorded by the photodetector.
3 As a consequence, owing to the absence of high spatial frequency components, the recorded image loses fine details and becomes blurred. Diffraction limit is used to estimate the limiting resolving power of a microscope that can discern two closely positioned elements of a structure. 4 According to Abbe criterion, the minimal distance (δx min , δy min ) that can be resolved in the lateral plane is approximated by 0.61λ/NA, where λ is the working Figure 1 : Schematic diagram of OSH system. ω and ω 0 are initial carrier frequency of the laser source and the shifted frequency; p 1 (x, y) and p 2 (x, y) are pupils; L1, L2 and L3 are lenses; BS is beam splitter; X-Y scanner is 2D scanning mirror; Object is the specimen to be recorded; PD is photodetector; z is the distance between the object and the scanner.
wavelength, NA = n · sin(θ) of the objective lens, n is the refractive index of the immersion medium, θ is half the aperture angle of the objective lens. The resolution in the longitudinal direction is normally worse, and can be approximated by the expression δz min = 2λ/NA 2 . Emitters that have a distance smaller than this magnitude are impossible to be distinguished.
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This paper proposes to incorporate structured illumination in a specific DHM system, optical scanning holography (OSH), to improve the spatial resolution beyond the diffraction limit. The principle and optical setup of this combination are described in details below. Simulated and experimental data verify the feasibility of the proposed approach. Fig. 1 presents a conventional OSH imaging system. On the object plane, two beams with a slight difference in frequency interfere and generate a time-dependent interference pattern, which scans the 3D specimen actively. The intensity of the transmitted light is collected by a photodetector. Other than direct detection, in OSH heterodyne detection is used to demodulate the intensity signal into real and imaginary parts composing a complex hologram. Thus a 2D digital hologram containing the entire 3D information of the object is obtained.
PRINCIPLE OF OSH
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The schematic diagram of the OSH imaging system is shown in Fig. 1 .
Mathematically, the OTF of the OSH system is
where † denotes complex conjugate, (x, y) are spatial coordinates, (k x , k y ) are frequency coordinates, k 0 = 2π/λ is wavenumber, f is the focal distance of L1 and L2, z is propagation distance. Then the point spread function (PSF) of the system can be obtained as h(x, y; z) = F −1 H(k x , k y ; z) using the inverse Fourier transform.
11
The scanning pattern is the interference of the two beams passing through p 1 (x, y) and p 2 (x, y). For mathematical simplicity, two pupils are usually chosen as p 1 (x, y) = 1 and p 2 (x, y) = δ(x, y), producing a plane wave and a diverging spherical wave.
12 Therefore the illumination pattern is a Fresnel zone plate (FZP), which is shown in Fig. 1 . By selecting proper pupils, one can acquire different illumination patterns, as well as different PSFs to improve the performance of the system.
13
The OSH system is linear and time-invariant. Suppose the object to be recorded is discrete with multiple sections. The hologram g(x, y) is given by g(x, y) = o(x, y; z) * h(x, y; z), where * denotes 2D convolution, z is the distance of each section. In the Fourier domain, it becomes (a) (b) Figure 2 : (a) Conventional OSH acts as a low-pass filter that only allows the spectrum in the passband to go through. (b) SI-OSH duplicates the object's spectrum in two horizontal directions and thus enlarges the obtained frequency components.
In numerical reconstruction, the conventional approach, which convolves the hologram with the complex conjugation of PSF, possibly leads to a corrupted image due to the defocus noise when the recorded object consists of multiple sections. Here we employ the inverse imaging technique, making use of the block Jacobi-type restrictive preconditioned conjugate gradient (BJ-RPCG) algorithm, so as to suppress noise and reconstruct sectional images. 
STRUCTURED ILLUMINATION OSH
The basic principle of structured illumination is to employ the moiré effect generated by frequency mixing. The coarse pattern multiplicatively superimposed by two fine signals enables one to gain access to the high frequency components that are normally undetectable by the imaging system under careful control and reconstruction.
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In structured illumination, when the sample is under sinusoidal patterned illumination, high frequency components beyond the cutoff frequency are moved into the bandwidth of the OTF, thus becoming observable by the optical imaging system. After extracting the shifted high frequency components using phase shifting patterns, a super-resolved image is then reconstructed.
17 Fig. 2 illustrates the principle of bypassing the diffraction limit by using structured illumination.
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As mentioned above, in OSH system an interference pattern FZP scans the object in a 2D fashion. Compared with the uniform illumination in wide-field microscopy, the FZP that illuminates the sample can be regarded as a structured light. However, this illumination scheme is not able to improve its resolution performance since in frequency domain, the spectrum of the object is not duplicated such that high frequency components that are not observable before are still outside the passband of the OTF. In this section, an optical setup incorporating structured illumination with OSH system (SI-OSH) and the simulation results are presented, and we explain how to overcome the diffraction limit with the proposed system in Fig. 3 .
The illumination pattern is conventionally sinusoidal, and projected onto the sample. Sinusoidal pattern can be generated in different ways such as grating or spatial light modulator. Here we adopt the scheme of using a diffraction grating. The transmittance function of a 2D grating can be expressed as 19, 20 t(x, y)
where ω x and ω y are spatial frequencies in horizontal and vertical directions, I 0 and m are constants denoting the mean intensity and modulation depth, respectively. Suppose the focal distance of L1 is also f . The wavefront at the back focal plane is the Fourier transform of Eq. 3, i.e., 
where
f − ω y ), and t 3 (x, y) = δ(
f + ω y ). We omit the constants here as well as in the following derivations. In the proposed system, this wavefront is then processed in the same way as the wavefront at the pinhole plane, which is denoted as p 2 (x, y) in the conventional OSH system. Substitute Eq. 4 into Eq. 1 and select p 1 (x, y) = 1, we then have
(xk x +yk y )]dxdy, i = 1, 2, 3. As shown in Eq. 4, there are three diffraction orders after the grating, leading to three terms in the new OTF. We then have the analytical expressions of the first term as
which is the OTF of conventional OSH system. Similarly, the other two terms are
Therefore we have the OTF of the proposed SI-OSH system
Note that the first term here represents the original captured hologram in conventional OSH system, while the other two terms refer to the additional information when a patterned illumination is used to project onto the specimen. Compared to the OTF of the conventional OSH system, this one has a larger area in the reciprocal space, meaning that the passband of the low-pass filter is enlarged. That more high frequency components pass through the imaging system leads to the enhancement in spatial resolution. Additionally, an important advantage of the proposed imaging system is that additional images with different phase shifting in the structured illumination microscopy are not necessary in order to extract the high frequency components, which are already contained in the recorded holographic data. 21 The single-short acquisition alleviates the difficulty in mechanical movement of the grating and reduces the recording time. Therefore, the spatial resolution in three dimensions of the OSH imaging system can be improved by introducing a diffraction grating, at the same time without making the acquisition more complicated.
RESULTS
According to the principle of SI-OSH, we first simulate the holographic recording and reconstruction of pinhole objects. To verify the improvement of spatial resolution in 2D, we reconstruct one pinhole and two pinholes using OSH and SI-OSH, respectively. The distance between the two pinholes is 10 µm. In the simulation, we let the wavelength of the light source be 532 nm, the focal length of the lens be 20 mm and the radius of the field of view be 0.5 mm, respectively. As such, the NA is 0.025. For the grating, the mean intensity I 0 and modulation depth m are both set to be 1. The period Λ is about 2 µm, which corresponds to 600 grooves per millimeter.
The spatial frequency shift, ω x and ω y , can be determined using 2π/Λ. The reconstruction results as well as the intensity profile across the center are shown in Fig. 4 . The reconstructions of one pinhole using conventional and proposed OSH systems are presented in Fig. 4(a) and (b). The latter has a narrower intensity profile, as shown in Fig. 4(c) . This illustrates the enhancement in lateral resolution. For two pinholes, conventional OSH system cannot distinguish them, as can be seen in Fig. 4(d) . However in Fig. 4(e) , the two pinholes are clearly discerned. The intensity profile in in Fig. 4(f) also demonstrates the separation.
Theoretically, the diffraction limit of the OSH system in lateral direction is 13.2 µm. The full width at halfmaximum (FWHM) values of conventional OSH and SI-OSH are approximately 12.7 µm and 9.5 µm, respectively.
The improvement in lateral resolution here is not as high as twofold, which is the extreme capability in scaling down the resolution as shown in Fig. 2 . This is due to the fact that the spatial frequency of the grating is below the cutoff frequency of the conventional OTF.
Then we show the resolution enhancement in axial direction. The depth resolution is determined by measuring the defocus size of one pinhole in the reconstruction along the optical axis. Fig. 5 conventional OSH) and 1.50 mm (for SI-OSH). In axial direction, the resolution enhancement is minor.
Finally we use experimental data to demonstrate the improvement in lateral resolution. The optical setup is shown in Fig. 3 and the sample is a home-made hollow object "H" (lower part). Reconstruction results are presented in Fig. 6 , and Fig. 6 (c) presents the intensity profile along a horizontal line. The sharper edges in blue which is recorded by the proposed SI-OSH system denotes the resolution enhancement.
CONCLUSIONS
In this paper, we incorporate structured illumination into the OSH imaging system by using a diffraction grating to scale down the spatial resolution beyond the diffraction limit. Compared to structured illumination microscopy, SI-OSH can achieve resolution enhancement using one acquisition. We explain the principle of super-resolution imaging, and verify its feasibility using simulated and experimental data.
